Microwave Spectroscopy of PrOs 4 Sbi 2 : Josephson-Coupled 
Two-Band Superconductivity and Itinerant / Electrons 
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We report microwave surface impedance measurements made on a single crystal of PrOs4Sbi2 
across the frequency range 0.5 to 21 GHz. The penetration depth data provide clear thermodynamic 
evidence for superconductivity arising in two bands coupled by Josephson pair-tunneling, indicating 
two order parameters with the same symmetry. Detailed conductivity spectra obtained using high- 
resolution bolometry confirm this picture and extend it, revealing the itinerant nature of the Pr / 
electrons through the observation of quasiparticles with heavily renormalized mass. 

PACS numbers: 71.27.+a, 74.70.Tx, 74.25.Nf, 74.25.Fy 



Interest in the recently discovered skutterudite super- 
conductor PrOs4Sbi2 has focused on the possibility that 
this compound could provide the first example of super- 
conducting electron pairing mediated by the exchange 
of quadrupolar charge density fluctuations Q, • Based 
on magnetic susceptibility, specific heat, and neutron 
diffraction measurements, it has been suggested that the 
p r 3+ g rounc i state in the cubic crystal field is a nonmag- 
netic doublet that carries an electric quadrupole moment, 
separated by ~ 7 K from a low lying triplet |l|, |2| ■ This 
raises the interesting possibility of an electric quadrupo- 
lar Kondo effect and specific heat C(T) measurements 
indicate the formation of a heavy fermion metallic state 
0,0 However, it should be noted that several investi- 
gators have concluded that the ground state of Pr 3+ is 
a singlet 0, |f| . Evidence for unconventional supercon- 
ductivityin PrOs4Sbi2 includes a double transition in 
C(T)|alg, a report of multiple superconducting phases 
of different symmetry in field-dependent thermal conduc- 
tivity k(T,H) 0, the observation of low temperature 
power laws in C(T) Q,Q and London penetration depth 
Al (T) [U , and spontaneous magnetic fields appearing be- 
low the superconducting transition temperature T c , in- 
dicating time reversal symmetry breaking 9J. The oc- 
currence of a high field ordered phase (HFOP) between 
4.5 T and 16 T below 1 K has been inferred from elec- 
trical resistivity 0, El El , specific he at 11 , B , thermal 
expansion > an d magnetization 0, Il3l Il4j measure- 
ments. From neutron scattering studies in high magnetic 
fields it was concluded that antiferro-quadrupolar order 
occurs in the HFOP Q . In this Letter we present the first 
measurements of the microwave surface impedance Z s of 
PrOs4Sbi2, from which we infer a rapid drop in quasi- 
particlc scattering below T Cl the existence of Josephson- 
coupled two-band superconductivity (implying two order 
parameters of the same symmetry) , and heavy, itinerant 
quasiparticles of mass ~ 100 m e . 



High quality single crystals of PrOs4Sbi2 were grown 
from an Sb flux [l5j. Powder x-ray diffraction indicates 
that the samples are single phase, with a stoichiometric 
ratio of 1 Pr atom per formula unit [lfl ] . Sharp supercon- 
ducting transitions in resistivity, susceptibility and mi- 
crowave conductivity indicate high homogeneity, and the 
low residual resistivity (< 5 fiQcm) attests to long carrier 
mean free paths and low levels of disorder The sam- 
ple used in our experiment was an as-grown single crystal 
measuring 0.18 mmx0.22 mmx 1.1 mm, with clean, shiny 
faces aligned to the cubic crystallographic axes. Mea- 
surements of Z s were made using three sets of apparatus 
cooled in 4 He cryostats. A loop-gap resonator (954 MHz) 
[lif and a dielectric resonator (5.49 GHz) 0] were used 
to make cavity perturbation measurements of the surface 
resistance R s and changes in surface reactance AX S (T) 
from 1.16 K to 120 K. Frequency scans of R s across the 
range 0.5 GHz to 21 GHz were performed using a bolo- 
metric surface resistance probe [ljj , at a set of fixed tem- 
peratures. The Z s data have been analyzed to obtain the 
microwave conductivity a = o\ — \o~i by assuming the 
local electrodynamic relation Z s = R s + iX B = yjitjfio/cr. 
A long penetration depth Al ~ 3000 A (this work and 
Ref.llflT) and a short coherence length £o ~ 120 make 
local electrodynamics a valid assumption. 

Fig. n shows the i? s and X s data at 954 MHz. Above 
T c = 1.872 K, R S (T) and AX S (T) have the same tem- 
perature dependence, as expected in the classical skin- 
effect regime where R s = X s . Enforcing this condition 
by adding a temperature independent offset to AX S (T) 
allows us to determine the absolute reactance, which here 
corresponds to Al(T = 1.2 K) = 2650 A. The strong tem- 
perature dependence of R s and X s in the normal state 
indicates the presence of substantial inelastic scattering. 
Below T c there is a sharp drop in R s followed by a gradual 
decrease to a residual value of 50 [iSl. Similar features are 
observed at 5.49 GHz, and from Z s we obtain ci(T) at 
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FIG. 1: (color online). Microwave surface resistance i? s and 
reactance X s at 954 MHz. Inset: Quasiparticle conductivity 
oi (T) data at 954 MHz and 5.49 GHz indicate a rapid collapse 
in quasiparticle scattering below T c . 
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FIG. 2: (color online). London penetration depth Al plotted 
as 1/ A L (T) . Fits to the data using a two band G-L model with 
Josephson coupling (solid line) and quartic coupling (dashed 
line) are shown. Inset 1: 1/Al(T) over a wider temperature 
range. Inset 2: Superconducting contribution to C/T calcu- 
lated from the Josephson-coupled free energy. 



the two frequencies (see inset of Fig. QJ. The frequency 
dependence of <j\ is weak in the normal state, consistent 
with a quasiparticle scattering rate much higher than mi- 
crowave frequencies. Below T c the rapid rise in o~\ (T) and 
the development of strong frequency dependence together 
point to a sudden drop in scattering. This is a character- 
istic feature of strongly correlated metals such as the high 
T c cuprates [2(J, in which the opening of the supercon- 
ducting gap quickly suppresses the electronic fluctuations 
responsible for strong normal state inelastic scattering. 

Fig. shows the 954 MHz a 2 {T) data, plotted as 
1/A£(T) = a^ cr 2 (T). At T c = 1.872 K, 1/A£(T) has 
a sharp onset, less than 5 mK wide, below which it 
increases linearly with a slope of —1.1 /zm _2 K _1 . A 
rounded change in slope occurs 70 mK below T c , fol- 
lowed by a second regime of linear T dependence with 
a slope of —31 /xm _2 K _1 . This behaviour is suggestive 
of two superconducting transitions and is consistent with 
the observation of double transitions in C (T) 0, |(| and 
k(T,H) 0. To model Al, a thermodynamic quantity 
that can be derived from the free energy, we consider 
the case of two weakly coupled bands. The Ginzburg- 
Landau (G-L) free energy density / can be written 
/ = 53i=i /t+/m+/cj where the intraband contributions 
f, = l/(2m*) |(ifiV + 2eA)^\ 2 + a % {T) |^| 2 + ft/2 |^| 4 
with ai(T) = a>oi(T — T C i) and ft = const. The mag- 
netic term is f m = (V x A) 2 /(2/j, ), and the inter- 
band couplings allowed by symmetry can be written 
fc = -Vl IV'il iV'al cos<f> + i] 2 |V>i| 2 IV^I 2 (l + acos20), with 
<j> the phase difference between ipi and ip2- Note that 



r/i is the strength of the interband Josephson tunneling 
and can be nonzero only if ipi and tp2 have the same 
symmetry. The quartic coupling is insensitive to order 
parameter symmetry and contains a cos2</> term orig- 
inating from double pair transfer. (Depending on the 
sign and magnitude of a, there can be a transition from 
phase aligned (<fr — 0) to phase rotated (<f> = | ) states, 
but the data do not support this and = is therefore 
assumed in the following.) Minimizing the free energy 
with respect to magnetic field B = V x A gives the Lon- 
don equation for the supercurrent density, from which 
we obtain the two-band expression for the penetration 
depth: A" 2 = 4 A i e 2 {^ + l^f }, where \^\ 2 are the 
pair densities and m* the pair effective masses. There- 
fore, since the build-up of superfluid density below the 
second transition in PrOs 4 Sbi 2 occurs about 30 times 
faster than the initial increase, we have either a small 
pair density in the first band or a large pair mass. In the 
case ?7i = ??2 = 0, the model reduces to that of two in- 
dependent superconductors with transition temperatures 
T c i and T C 2. In that case the usual results follow on min- 
imizing / with respect to ip*[: \ipi\ 2 = ao t (T ci - T)/ft 
and AQ/T = - (d 2 f / dT 2 ) T=T = o^/ft. That is, in 
each band the pair density builds up linearly with de- 
creasing temperature, with a double jump in the specific 
heat C. However, only the rji coupling can give the del- 
icate curvature seen in Fig. To show that we con- 
sider the cases of Josephson and quartic couplings sep- 
arately and, by solving the G-L equations numerically, 
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FIG. 3: (color online) . Surface resistance spectra Rs(u>) taken 
at different temperatures. From top to bottom, T = 1.69 K, 
1.55 K, 1.48 K, 1.41 K, 1.27 K and 1.19 K. Inset: scattering 
rates Fi (multiplied by 10) and F2 inferred from fits to ai(u)). 

fit to 1/Al(T)- Several parameters of the G-L model are 
fixed by other experiments: the two heat capacity jumps 
in a mosaic of crystals from the same batch were mea- 
sured to be ACi/T « AC 2 /T = 0.23 J.mol-iK" 2 0, 
which fix / Pi ; the effective mass of the pairs in the 
second band is taken to be twice the average cyclotron 
mass inferred from dHvA experiments, m\ w 9 m e |2l|: 
and T c i, which is unaffected by the strength of the in- 
terband coupling, is set to 1.872 K. Good initial guesses 
for the ratios cvoi/A can be obtained from the slope of 
1/Al(T) in the linear regions and, anticipating the results 
of the conductivity analysis below, we set m\ — 30 m\. 
(Heavy-mass quasiparticles have not been detected in the 
dHvA experiments [211 , but they may be localized in the 
HFOP above 4.5 T0, H, 0. Analyses of specific heat 
and upper critical field data provide indirect evidence for 
an average quasiparticle mass of order 50 m c 1]. In any 
case, the choice of mass ratio m\lm\ does not affect the 
quality of the fits to the Al data, nor the conclusions 
drawn about the nature of the interband coupling.) The 
best fit to the data in the case of pure Josephson cou- 
pling (r\2 — 0) is shown by the solid curve in Fig. [3 and 
corresponds to setting T c2 = 1.763 K, aoi/fcB = 0.024, 
OfW^B = 0.012, and rji — 0.0053 A /aoicvo2T c i, where the 
band-dependent G-L parameters Ki — ^ 'm* 2 fii / '2fiQe 2 h 2 
are n\ — 99 and n-i — 1.72. The pair-tunneling solution 
matches l/X^T) extremely well, properly capturing the 
gentle rounding that occurs in the vicinity of T C 2 . We can 
interpret this as an avoided crossing of ?pi and "02 caused 
by mixing of states of the same symmetry. Shown by 
the dashed curve in Fig. [21 is the case of pure quartic 




FIG. 4: (color online) . Solid points show the ui data obtained 
from a Kramers-Kronig analysis of R B (uj,T) and l/X^(T). 
Solid lines show the modified Drude fits to the broad back- 
ground. The shaded regions underneath are the difference 
between the g\ data and the broad background fits. 



coupling (r/i = 0,772(1 + a) = 0.22- s //? 1 /3 2 ), appropriate 
for order parameters of different symmetry. In that case 
we see level crossing, not level repulsion, for any value 
of 772. This is strong evidence that t/'i and ip2 have the 
same symmetry, and that the second phase transition re- 
ported in other experiments 0,0 is in fact a cross over. 
(-02 is finite at all temperatures below T cl .) We believe 
the apparent discrepancy with the k(T, H) result — that 
the nodal structure of the order parameter changes on 
crossing T C 2 — could be resolved by taking into account 
the sudden drop in quasiparticle scattering on cooling 
through T c i, an d the rapid build-up of 1/Al(T) below 
T C 2. (The average quasiparticle Doppler shift from vor- 
tex flow fields is proportional to 1/Al(T) |22|.) 

An unconventional two-band superconductor should 
exhibit novel physical properties. Leggett has predicted a 
new collective mode, corresponding to Josephson plasma 
resonance between the bands • This mode is expected 
to be difficult to observe experimentally, as it does not 
perturb the long wavelength charge density and hence 
couples weakly to electromagnetic radiation. (Our at- 
tempts to excite the mode with microwaves have been 
unsuccessful, with no indication of collective mode ab- 
sorption in R s (uj,T).) Babaev has studied the magnetic 
properties of two-band superconductors and concludes 
that these systems can contain fractional vortices arising 
from topological defects in only one of the order param- 
eters 24] . In addition, Gurevich and Vinokur predict 
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static and dynamic solotonic phase textures that should 
appear in nonequilibrium transport experiments |25j . 

R s (lj,T) is plotted from 0.5 GHz to 21 GHz in Fig. 02 
at six different temperatures in the superconducting 
state. With no sign of resonant absorption by collec- 
tive excitations, we expect R s to be due solely to ther- 
mally excited quasiparticlcs. To extract the quasipar- 
ticle conductivity spectra ai(u>,T) from R s (uj, T) and 
1/Al(T) we apply a Kramers-Kronig analysis 0, Eif . 
which properly accounts for quasiparticle contributions 
to the screening of electromagnetic fields. The conduc- 
tivity spectra are plotted in Fig. 0] for temperatures be- 
tween 1.19 K and 1.69 K. At each temperature, u\{uj) 
has a sharp, cusp-like upturn at low frequencies with a 
broad high frequency tail. With decreasing T the spec- 
tra sharpen and increase in height as they draw in more 
spectral weight from high frequencies. Broadly similar 
behaviour has been observed in high quality samples of 
Ortho-II ordered YBa2Cu306.5, where it was concluded 
that the cusp-like lineshapes and strongly temperature- 
dependent linewidths were close to the behaviour ex- 
pected for weak (Born-limit) scattering in a superconduc- 
tor with energy gap nodes and an energy dependent scat- 
tering rate 26] . In that work a modified Drude spectrum 
a\(uo) — <7o/(l + ( W /F) a ), with y ss 1.45, was shown to 
capture the phenomenology of energy dependent scatter- 
ing. We have attempted to fit this form to our PrOs4Sbi2 
data, with no success. The problem lies in the combina- 
tion of a very sharp low frequency peak and a broad high 
frequency background. The situation improves, however, 
if we allow for the possibility of two bands with different 
scattering rates and fit the sum of two modified Drude 
spectra at each temperature. In Fig. 0] the broad spec- 
tra are plotted as solid lines, which have then been sub- 
tracted from the data points to reveal the narrow spec- 
tra, represented by the shaded regions. In all the fits 
the value of y is close to 1.50 for both the broad and 
narrow components. The values of Co are the zero fre- 
quency intercepts, and the values of scattering rates are 
plotted in the inset of Fig. [S]as Ti and T2- Both Ti and 
T2 decrease strongly on cooling, as inferred from the res- 
onator data in Fig. ^ 14 is about a factor of 30 smaller 
than T2 over the whole temperature range: it is this fact 
that allows a unique separation of the spectra. The T de- 
pendent spectral weight J °° o\ (v, T)dcu is in good accord 
with the G-L model for 1/A|(T) if the narrow spectra 
are identified with band 1 and the broad spectra with 
band 2. To understand the form of the unusual <t\(oj,T) 
spectra better we look to Fermi-liquid transport theory 
where, for the case of electron-phonon coupling, Prange 
and Kadanoff have found that interactions do not renor- 
malize the low-frequency transport coefficients, due to 
a cancellation between the renormalizations of the life- 
time r* and mass m* 27]. That is, as m* increases, 
the width of the conductivity spectrum shrinks, but the 
dc conductivity remains fixed, so that the total conduc- 



tivity spectral weight cx 1/m*. Varma has argued that 
sufficiently local interactions will have the same effect in 
heavy fermion metals [Isj], where m* ~ 100 m c , implying 
a reduction in quasiparticle scattering rate by a similar 
factor. From this we infer m^/m^ ~ F^/Vi ~ 30 in 
PrOs4Sbi2, motivating our parameter choice in the G-L 
model. The conductivity spectra therefore provide direct 
evidence for heavy quasiparticles and hence of the itin- 
erant nature of the Pr / electrons outside the high field 
ordered phase. 

In summary, we have used microwave measurements as 
a thermodynamic and spectroscopic probe of PrOs4Sbi2 , 
finding evidence for novel two-band superconductivity. 
The bands are coupled by Josephson pair tunneling, re- 
quiring that there be two order parameters with the same 
symmetry. Quasiparticle conductivity spectra confirm 
this and provide a unique insight into the transport dy- 
namics, revealing a collapse in scattering below T c , and 
the presence of heavy itinerant quasiparticles. 
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